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THE R6LE OF SODIUM SALTS AND ADRENAL STEROIDS IN THE
PRODUCTION OF HYPOKALEMIC ALKALOSIS§
The administration of adrenal steroids to animals and human subjects on
diets containing sodium but little or no potassium is followed by alterations
in cellular composition characterized by a loss of potassium which is partially
replaced by sodium and the supervention in the extracellular fluid of a
metabolic alkalosis.' The experiments have been performed principally in
rats where the sodium salt used has usually been sodium chloride and the
adrenal steroid 11-desoxycorticosterone acetate (DOCA).
The present study of the influence of adrenal steroids on the electrolyte
composition of plasma and skeletal muscle was undertaken for the follow-
ing purposes: (i) to examine the effects of adrenal steroids during fairly
complete sodium deprivation; (ii) to determine the influence of the ad-
ministration of different sodium salts; and (iii) to compare the effect of
different adrenal steroids on the pathogenesis of potassium deficiency and
alkalosis in the rat.
METHODS AND CALCULATIONS
Male Sprague-Dawley rats weighing 250 to 350 grams were used throughout. When
external balances were performed, urine was collected under mineral oil, using toluene
and thymol as preservatives. At the end of the experimental period rats were anes-
thetized by the intraperitoneal injection of Evipal; venous blood was collected anero-
bically from the inferior vena cava; and muscle samples were removed from the hind
legs and trimmed of fat and connective tissue. The samples of muscle were weighed
and dried; fat was removed with ether; electrolytes were extracted with 0.75 N
nitric acid.'1
Sodium and potassium were determined on the flame photometer,8 chloride in serum
and muscle extracts by the Hald modification of the open Carius method1' and in urine
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by the method of Harvey," total proteins by the buiret reaction,7 nitrogen by the macro-
Kjeldahl,1' and the C02 content of serum by the method of Van Slyke and Neill."
Muscle water was determined as the loss of weight after drying at 1000 C. for three
days. Serum water, [W]5, was estimated from the concentration of serum protein,
[P]s, according to the formula:
0.985 - 0.00745 [P1S= [W]9
The concentrations in extracellular fluid of sodium, [Nale, and chloride, [Clie, were
estimated from their serum concentrations, [Na]s and [Cl]s, the water content of
serum, [W]5, and an average Donnan factor of 0.95:
[Na]5s X 0.95
Nl
[WI5
[Cl]5 [lI
[W]s X 0.95 [
The concentration of potassium was assumed to be the same in serum and extra-
cellular fluid. The amount of intracellular sodium per 100 grams of fat-free dry tissue,
(Na)i was estimated according to the method of Darrow and his associates':
(Cl)m- 1 (C)m I= (H20O)e [Clie
(Na)m - (H2O)e [Nale = (Na)i
in which (Cl)m and (Na)m are total muscle chloride and sodium, respectively, per
100 grams of fat-free dry tissue (FFDT) and (H20)e is the extracellular water per
100 grams FFDT. The amount of intracellular water per 100 grams FFDT was
calculated according to the equation:
(H2O)m-(H2O)e = (H20)J
where (H20)m is the total muscle water per 100 grams FFDT.
RESULTS
The data are presented in Tables 1-6 as the mean and standard deviation
of each group.
1. Effect of DOCA on exchanges of electrolytes and water in rats main-
tained on a low sodium diet containing minimal or large amounts of potas-
sium. Four groups of rats maintained on a diet low in sodium (0.26 mEq./
100 gm. diet) and supplemented with potassium in minimal (4.6 mEq./100
gm. diet) or large (41.4 mEq./100 gm. diet) amounts were injected with 5
mg. DOCA daily and sacrificed after two weeks. The minimal potassium in-
take was estimated to be sufficient just barely to prevent a potassium deficit
owing to an inadequate intake. Should DOCA accelerate potassium excre-
tion by a direct action, a negative balance would then be easily demonstra-
ble. The cumulative balances are charted in Table 1. The administration of
DOCA significantly reduced the excretion of sodium as compared to their
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231ESSAYS IN METABOLISM
controls irrespective of whether minimal potassium (Group C) or high
potassium (Group E) diet was given. However, since the intake of sodium
was very low, the absolute amount of sodium retained was trivial. Potassium
excretion was not accelerated by DOCA whether the potassium intake was
low or high.
Analysis of serum and muscle (Table 2) revealed no significant influence
of DOCA on electrolyte composition. Total muscle water was not signifi-
cantly altered by the administration of DOCA. Using chloride as a reference
for the determination of the extracellular space of muscle, it can be con-
cluded that since muscle chloride and total muscle water were not signifi-
cantly altered, the intracellular and extracellular spaces of muscle remained
constant.
From the standpoint of a balance study, as well as the direct analysis of
muscle, it would appear that DOCA has no significant effect on internal
or external exchanges of potassium, sodium, and water if sodium salts are
rigidly excluded from the diet.
2. Effect of DOCA on exchanges of electrolytes and water in rats main-
tained on a low potassium diet supplemented zith different sodium salts.
To examine the effects of DOCA with and without the addition of different
sodium salts, eight groups of rats were fed a standard electrolyte-deficient
diet (EDD), complete in all respects but deficient in sodium, potassium,
and chloride. Equivalent amounts of sodium, either as sodium chloride or as
sodium phosphate (pH 7.4), were added to the diet of some groups. The
electrolyte composition of the diet is given in Table 3. Groups E and H
(Tables 4 and 5) received injections of 5 mg. of DOCA daily.
The effect of supplements of NaCl and Na-PO4 to an EDD diet were
examined in rats after a seven-day period (Table 4). No significant change
in serum bicarbonate or intracellular sodium and potassium resulted from
the addition of sodium chloride to EDD (Table 4, Group B). Rats given
EDD + Na-PO4 (Table 4, Group C) developed a rise in the serum
bicarbonate while muscle potassium fell and intracellular sodium rose.
Rats maintained on EDD alone for 36 days (Table 4, Group D) mani-
fested little change in electrolyte composition as compared with the group
maintained on the same diet for only seven days (Group A): the slight
rise in mean serum bicarbonate (from 30.5 mEq./L in Group A to 34.1
mEq./L in Group D) was not significant; muscle potassium and intra-
cellular sodium were virtually the same in the two groups. The injection of
5 mg. of DOCA to rats receiving EDD only (Group E) did not significantly
alter the serum bicarbonate or the electrolyte composition of muscle. The
addition of sodium chloride (Group F) or sodium phosphate (Group G)
to EDD resulted in only minor changes in serum bicarbonate and muscle
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composition. The most striking results occurred when DOCA was given
with sodium phosphate for a period of only 13 days (Group H). The
magnitude of the hypochloremic alkalosis and potassium deficiency far ex-
ceeded that obtained in other studies where rats were given DOCA and low
potassium diets but where the added sodium salt was sodium chloride."6"'
Despite the striking changes in the intracellular electrolyte composition
of muscle cells in those rats given sodium salts and DOCA, the volume of
intracellular fluid remained remarkably constant (Table 5).
To estimate the total cation concentration of intracellular fluid, the sum
of the concentrations of sodium and potassium was used. This would seem
TABLE 3. COMPOSITION OF DIET PER 100 GRAMS
Type of diet* Na Cl K N
mEq. mEq. mEq. gms.
EDD 0.67 0.37 0.13 1.90
EDD+Na-Pt 44 1.95 0.14 1.95
EDD+NaCl 44 44 0.17 1.98
* EDD = electrolyte-deficient diet-a basic diet deficient in Na, Cl, and K.
t A mixture of Na2HPO4 and NaH,2PO4 of pH 7.4 was added to diet.
to give a reasonably good approximation of the behavior of total cation,
inasmuch as intracellular magnesium (which normally amounts to about
34 mEq./L) has been demonstrated to remain unchanged in potassium
deficiency.6 In Table 5, the mean values for volume and total cation con-
centration of the extracellular and intracellular compartments of muscle
have been recorded.
Despite the constancy of the volume of intracellular fluid, there is a
tendency for the total cation concentration to fall, particularly in the rats
given sodium phosphate and DOCA. The significance of this fall in total
cation concentration in this group is enhanced by the fact that the total
cation concentration of extracellular fluid showed no commensurate reduc-
tion, but instead increased slightly (3 mEq./L). This disparity between the
changes in the concentration of total cation in extracellular and intracellular
fluids on the one hand and the constancy of intracellular water on the other
hand should not necessarily be interpreted to mean that the osmotic pres-
sure of the intracellular and extracellular phases differ. Such a discrepancy
could result, as Cotlove and his associates have pointed out,' from an ac-
tivation of osmotically inactive intracellular cations, an increase in the
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intracellular concentrations of osmotically active anions, or an increase in
the concentration of intracellular nondiffusible neutral molecules.
3. Effect of DOCA on potassium excretion and acid-base balance during
rigid sodium restriction in human subjects. Two human subjects were main-
tained for prolonged periods of time on a diet containing 6 mM. of sodium
chloride daily and given daily injections of 20 mg. DOCA. The results in
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FIG. 1. The effect of DOCA on serum composition and potassium balance during
salt restriction.
one of these subjects are plotted in Figure 1. As in the rat experiments, no
acceleration of potassium excretion or rise in bicarbonate transpired after
24 days on this regimen. Similar observations have been made in man by
Relman and Schwartz.'
4. Effect of cortisone on exchanges of electrolytes and waterin rats main-
tained on a low potassium diet supplemented with different sodium salts.
The injection of cortisone in doses of 5 mg. per kilogram of body weight
tended to lower the serum bicarbonate toward normal, reduce intracellular
237
-y -
1-
a * I * I IESSAYS IN METABOLISM
sodium, and increase muscle potassium. This pattern was observed even
in those rats given sodium phosphate (Table 6). While the changes were
not always significant, mean values in the cortisone-treated animals were
more nearly normal in every instance. These changes are especially note-
worthy when contrasted with the effects of DOCA. In rats given sodium
phosphate and DOCA the mean values for serum bicarbonate, muscle po-
tassium, and intracellular sodium were 45.3 mEq./L, 32.7 mEq. per 100
grams FFDT and 13.7 mEq. per 100 grams FFDT, respectively. In the
cortisone group given sodium phosphate, the mean values were 31.7 for
serum bicarbonate, 44.1 for muscle potassium, and 7.2 for intracellular
sodium.
DISCUSSION
The results of these experiments indicate that in the absence of exogenous
supplies of sodium salts, DOCA has no effect on the electrolyte composition
of serum and muscle. The simultaneous administration of DOCA and
sodium salts to rats on a low potassium diet produces potassium deficiency
and hypochloremic alkalosis. These disturbances will also result, although
to a lesser extent, when sodium salts are given without DOCA if the
potassium intake is restricted.
It seems likely that DOCA and exogenous sodium salts produce a po-
tassium diuresis principally as a result of exchanges in the renal tubules
rather than as a consequence of pre-renal effects. The administration of
DOCA has no effect on the serum or muscle potassium in the nephrec-
tomized animal."' The administration of large amounts of sodium chloride
does not accelerate potassium excretion in patients with Addison's disease
whose renal tubules do not reabsorb increments of the administered sodium.'
The elevated serum potassium that follows the injection of large amounts
of saline to nephrectomized animals seems better correlated with the dilution
acidosis which results rather than with any direct exchange of extracellular
sodium for intracellular potassium.'0 Berliner, Kennedy, and Orloff' hy-
pothesized that potassium secretion in the distal tubules was accompanied
by the exchange of sodium in the tubular lumen for potassium in the
tubular cells. This hypothesis would explain the marked potassium diuresis
produced by the simultaneous administration of DOCA and sodium salts:
exogenous sodium is required to furnish large amounts of this cation at the
exchange site; DOCA is required to promote the reabsorption of incre-
ments of sodium in exchange for potassium.
It is not clear why sodium phosphate is so much more effective than is
sodium chloride in accelerating potassium loss. The phosphate ion per se
is not responsible for this effect, inasmuch as sodium sulfate is equally ef-
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fective. A second hypothesis would account for the difference by assuming
that most of the exogenous sodium chloride is reabsorbed in the proximal
tubules, so that comparatively small amounts reach the distal tubular ex-
change site, whereas most of the sodium phosphate or sodium sulfate would
pass unreabsorbed through the proximal tubule, thereby resulting in the
delivery of comparatively large amounts of sodium to the distal tubule where
it can be reabsorbed in exchange for potassium. This hypothesis cannot
satisfactorily account for the data in this study. The diets contained 44 mEq.
of sodium, as sodium chloride or sodium phosphate, per 100 grams. Since
the rats consumed about 30 grams of diet daily, about 180 mM. of sodium
chloride were ingested in a two-week period. Only a comparatively small
proportion of the ingested sodium was retained in the body; the rest must
have traversed the distal tubule to be excreted into the urine. It seems likely
that the presence of an unreabsorbed anion potentiates the exchange of
sodium for potassium in some as yet unknown manner.
The relationship among the changes in the volume and composition of
serum and muscle cells is examined in Table 7. The changes in the con-
centrations of serum electrolytes, as muscle potassium is progressively de-
pleted, consist of a rise in bicarbonate, a fall in chloride, a fall in potassium,
a rise in sodium, and an expansion of fixed anions (determined as the dif-
ference between sodium and the sum of bicarbonate plus chloride).
The correlation between the fall in muscle potassium and the rise in
serum bicarbonate was excellent (-0.80 for the group as a whole, -0.91
for the group given sodium phosphate and DOCA). Two factors appear to
be responsible for the alkalosis which develops under the conditions of these
experiments: (i) a transfer of hydrogen ions into muscle cells in exchange
for potassiumf"' (ii) an accelerated renal excretion of acid, largely in
the form of ammonium, apparently resulting from an enhanced exchange in
the kidneys of sodium in the tubular lumen for hydrogen in the tubular
cell.'8 It should be emphasized that the excellent correlation of potassium
deficiency and alkalosis, observed in these experiments, where sodium salts
and DOCA were responsible for the derangements, may not obtain when
potassium deficiency is produced by other means. It is not unusual clinically
to observe severe degrees of potassium deficiency in patients who are de-
prived of this electrolyte where the serum bicarbonate remains normal.
The rise in the serum bicarbonate as potassium deficiency develops is
associated with a fall in the concentration of serum chloride (Fig. 2).
The cause of the hypochloremia is not clear. It is not a consequence of
chloride deprivation, inasmuch as hypochloremia can supervene despite
generous amounts of chloride in the diet. It is possible that the expansion
of the extracellular volume with sodium bicarbonate, as alkalosis develops,
240Adrenal steroids and hypokalemic alkalosis I SELDIN, WELT, CORT
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Relation of the Concentrations of Serum [HCOj]
and Serum[CljI to Muscle K During
Development of K Deficiency
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results in a depression of the concentration of serum chloride by dilution.
There is a good correlation among the changes in serum chloride, serum
bicarbonate, and extracellular space of muscle as potassium deficiency de-
velops (Table 7). The correlation is especially good in the rats given
sodium phosphate and DOCA, where the expansion of extracellular space
is a consequence of the accession principally of sodium bicarbonate. These
animals, having no access to
chloride, cannot retain sodium 70
chloride, a process which could 55
mask the magnitude of the hy-
pochloremia attributable to dilu- 75 [[C] /
tion of the extracellular fluid 50
with sodium bicarbonate. That 80 /
dilution, rather than loss of 80
chloride into the urine as am-
monium chloride, is responsible 85 -
for the hypochloremia receives IJ 40 iu
support from the observation of co [Hc 0] E
Schwartz and his associates"7 WJ 90
that total body chloride is nor- 35r4)
mal during hypokalemic alka- ° /O
losis in the rat despite depressed _ 9 /
serum concentrations. L - 30 l
In Figure 3 the changes in 100
serum bicarbonate and chloride .
are compared. The vertical axis 45 40 35 30
is so adjusted that the normal
concentrations of serum bicar- K mE /10 gm. FFDT
bonate and chloride fall on a
single point. The straight lines FIG. 3. Relation between the rise in serum
for chloride and bicarbonate are [HCO3-] and fall in serum [CI-] during de-
velopment of K deficiency.
taken from the regression data
in Table 7. It is apparent that in these studies (which include the groups
given sodium phosphate) the concentration of serum chloride fell more than
bicarbonate rose. The reason for this appears to be an expansion of fixed
anions [R-], which transpires as potassium deficiency develops (Fig. 4).
Part of the increase in [R-] is associated with the development of a mild
hypernatremia; but fixed anions also expand at the expense of bicarbonate.
Some of the increase in fixed anions can be attributed to enhanced binding
of cation during alkalosis. If it is assumed that pH changes observed by
others in hypokalemic alkalosis apply in these studies as well, then the
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expansion of fixed anions is too great to be attributed solely to this process.
In addition there was probably an accession of undetermined anions to the
extracellular fluid.
The fall in serum potassium was only moderately well correlated with
cellular potassium deficiency (Fig. 5). It is particularly noteworthy that
rats simply deprived of potassium (EDD alone) tended in some instances
to have a normal serum potassium
153.3 despite the development of cellular
147.4 147.-4 deficits. This is in accord with the
140 R_ ~~~~~~clinical observations that cellular
4-700E deficits can occur without being
120- _ 1270 reflected by hypokalemia.
120 ~~~~121.4 Unlike the experiments with
_J | H C ODOCA and sodium salts discussed
HC ~~~~above, where hypochloremic alka-
E 10 losis was regularly produced, the
9 7. ~~~~~~~administration of cortisone, even
with sodium phosphate, resulted in
an amelioration of the process: in
the serum the concentrations of
0 bicarbonate fell, while chloride and
potassium rose, while in muscle,
po . intracellular sodium fell and potas-
sium rose (Table 6). The weight
loss of cortisone-treated animals
was marked. Inasmuch as this
available trelnsthdfctoitaweight loss involved the break-
down of tissues with the release of
their potassium content, it seems
reasonable to assume that this
4540 35 ~~~o process was responsible for the
K:mEc1100gm.ofFFDT correction of hypokalemic alkalosis.
q ~~~~~~The release of potassium in associ-
FIG. 4. The relation of the concentrations ation with tissue breakdown could
of serum electrolytes to decreases in muscle furnish an endogenous infusion of potassium.
this cation which would then be
available to replenish the deficit of intact cells, thereby correcting the intra-
cellular and extracellular electrolyte derangements in the same manner that
would be achieved by the administration of exogenous potassium salts. In a
similar way, potassium-deficient dogs which are nephrectomized replenish
their depleted intracellular stores with the potassium released by tissue
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breakdown." Unlike the rat, the administration of cortisone to man often
results in hypokalemic alkalosis but not in its correction. This difference in
response to cortisone could be the result of the propensity of the hormone in
Relation of Mcuscle K to the Concen+ration. of Serum K
Dc1i)irs Cevelopmeni of K Deficiency
i6 45 43 42 41 40 39 38 37 36 35
Km rnEqF./1OOgrm. FFDT
FIG. 5.
34 33 32
the rat to stimulate appetite (and thereby augment potassium intake) to a
greater extent, to augment the renal tubular sodium-potassium exchange
less powerfully, or to elicit more tissue breakdown.
SUMMARY
1. The administration of DOCA to rats on low or high potassium intakes
had no effect on exchanges of potassium, acid-base balance, or the volume
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of extracellular and intracellular fluid of muscle if sodium was rigidly
restricted from the diet.
2. The addition of sodium salts to a low potassium diet, particularly if
DOCA was simultaneously injected, resulted in potassium deficiency and
alkalosis. Sodium phosphate (pH 7.4) was much more effective in producing
hypokalemic alkalosis than sodium chloride.
3. The changes in concentrations of extracellular electrolytes during po-
tassium deficiency produced in this manner were: a rise in bicarbonate, a
fall in chloride and potassium, a rise in sodium, and a rise in unidentified
fixed anions. It is suggested that hypochloremia may be, in part at least, a
consequence of the dilution of the extracellular space with sodium bicar-
bonate and water. Changes in intracellular composition were characterized
by a partial replacement of muscle potassium with sodium and a constant
volume of muscle cell water despite discrepant changes in intracellular and
extracellular total cation.
4. Cortisone ameliorated hypokalemic alkalosis despite the simultaneous
administration of sodium salts. It is suggested that this effect may have re-
sulted from the capacity of this hormone to produce tissue breakdown,
thereby releasing potassium which is available to replenish the deficits of
intact cells.
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